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ABSTRACT 


Lead  isotope  ratios  were  determined  for  29  galena 
samples  from  24  localities  in  west-central  Eire.  These 
include  the  Mogul,  Tynagh  and  Gortdrum  mines.  All  except 
4  deposits  are  confined  to  Lower  Carboniferous  carbonate 
strata. 

The  recently  revised  geophysical  constants  aQ=  9.346, 
bQ=  10.218  and  cq=  28.96  (Oversby,  1970)  and  age  of  the 
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earth  t  =  4.578  X  10  years  (Cooper  et  al^.  ,  1969)  were  used 
in  calculating  the  best  fit  growth  curves.  The  best  fit 
growth  curve  on  the  plot  of  Pb  /Pb  vs .  Pb  /Pb  has 
a  u  ratio  of  8.79,  identical  to  the  newly  revised  best  fit 
growth  curve  of  Cooper  et  al.  (1969)  for  ordinary  leads. 

The  Irish  leads  may  be  interpreted  as  single  stage  or  short 
period  anomalous  leads.  According  to  a  single  stage  inter¬ 
pretation,  the  lead  was  derived  from  a  homogeneous  system 

with  respect  to  the  ratios  U:Th:Pb,  which  is  characterized 
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by  the  present  ratios  ju  =  8.79,  W=  36.4  and  Th  /U  =4.14. 
Model  ages  span  the  range  from  20  m.y.  to  210  m.y.  Geo¬ 
graphically  related  deposits  have  about  the  same  model  ages. 
Recognition  of  a  short  period  anomalous  lead  line  and 
mathematical  interpretation  in  terms  of  a  short  period  two- 
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stage  model  would  require  considerably  greater  precision  in 
the  data. 

An  increasing  body  of  evidence  suggests  that 

certain  marine  sediments  may  constitute  a  homogeneous 

source  for  so-called  ordinary  leads.  Temperatures  of 

desposition  for  the  Mogul  orebody  range  from  150  -  350°C 

34 

and  the  average  o  S  value  for  all  sulphur  species  in 
solution  centered  about  0°/oo  (Greig  et  al. ,  1971) . 

On  the  basis  of  the  above  temperature  and  sulphur  isotope 
evidence  alone,  Lower  Paleozoic  shales,  greywackes  and 
volcanics  are  believed  to  be  the  most  plausible  sedimentary 
source  for  the  Irish  leads. 
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INTRODUCTION 


As  a  result  of  intensive  exploration  activity  in 
Eire  throughout  the  1960's  four  new  base  metal  mines  are 
in  production  and  several  have  production  pending.  The  four 
producing  mines  are  the  Consolidated  Mogul  lead-zinc-silver 
mine  at  Silvermines,  the  Northgate  or  Tynagh  lead-zinc-copper- 
silver  mine  of  Irish  Base  Metals  Ltd.  at  Tynagh,  the  copper- 
silver-mercury  mine  at  Gortdrum,  all  in  west-central  Eire, 
and  the  copper  mine  at  Avoca  in  east-central  Eire.  One  of 
the  deposits  pending  production  is  the  Tara  deposit  dis¬ 
covered  early  in  1971  30  miles  northwest  of  Dublin.  Tara 
is  by  far  the  largest  and  economically  most  important  of 
the  orebodies  yet  discovered  in  Eire.  This  modern  revival 
of  an  ancient  mining  area  now  ranks  this  area  as  perhaps 
the  most  important  base  metal  camp  in  Europe. 

Research  into  many  aspects  of  these  newly  discovered 
deposits  at  several  universities  in  Eire,  Great  Britain  and 
Canada  has  stirred  considerable  debate  on  their  genesis. 
Individual  orebodies  are  considered  to  be  syngenetic  by 
some,  and  epigenetic  by  others.  The  origin  of  the  minerali¬ 
zation  is  equally  controversial  and  is  variously  believed 
to  be  magmatic  (derived  from  concealed  Armorican  plutons) , 
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volcanogenic  (related  to  Carboniferous  volcanism)  and  sedi¬ 
mentary  or  metamorphic  (derived  from  Lower  Paleozoic  or 
Upper  Paleozoic  sediments) . 

This  thesis  was  undertaken  with  the  general  objec¬ 
tive  of  providing  some  insight  into  the  origin  of  the 
metals . 

Two  model  interpretations  are  considered  possible 
for  the  Irish  leads;  single-stage  and  short  period 
anomalous.  Since  this  thesis  was  first  begun  evidence  has 
accumulated  which  suggests  a  sedimentary  source  for  the 
so-called  ordinary  leads.  For  this  reason  the  lead  data 
is  also  considered  in  the  light  of  a  sedimentary  source. 

The  area  of  study  is  confined  to  west-central  Eire, 
and  includes  the  Mogul,  Tynagh,  Gortdrum  and  Riofinex 
deposits.  The  sampling  included  these  4  deposits  and  20 
small  sulphide  occurrences. 

The  first  lead  isotope  determinations  on  Irish 
galenas,  17  in  number,  were  made  by  Moorbath  (1959a)  at 
Oxford  University  as  part  of  a  study  which  included  many 
deposits  throughout  the  British  Isles.  His  work  was 
f ollowed-up  by  Pockley  (1961)  who  made  63  determinations 
on  Irish  leads  for  a  doctoral  thesis  (Oxford).  Pockley' s 
and  Moorbath' s  results  are  published  as  part  of  a  compre- 
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hensive  lead  isotope  survey  of  base  metal  deposits  in  the 
British  Isles,  Eire  and  France  (Moorbath,  1962).  At  the 
time  of  this  earlier  work,  mass-spectrometric  techniques 
were  not  as  refined  and  interlaboratory  comparisons 
revealed  large  discrepancies  between  various  instruments. 
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CHAPTER  1 


GEOLOGY 


Geological  Setting 

Mogul,  Tynagh,  Gortdrum,  Riofinex  and  Tara  Mines 
and  numerous  minor  base  metal  deposits  occur  in  lower 
Carboniferous  strata  beneath  the  largely  drift  and  bog 
covered  Irish  Central  Plain.  This  plain,  about  16,000 
square  miles  in  extent,  is  bounded  on  the  north  and 
northwest  by  mountainous  Precambrian  gneisses  and  schists, 
on  the  northeast  and  southeast  by  granites  and  low  grade 
metasediments  of  the  Caledonian  orogenic  belt  and  on  the 
south  by  mountainous  Paleozoics  of  the  Armorican  orogenic 
belt.  Carboniferous  carbonates  rest  conformably  or  with 
slight  unconformity  (northern  regions)  upon  largely  ter¬ 
restrial  Upper  Devonian  Old  Red  Sandstone,  which  in  turn 
rests  with  pronounced  unconformity  upon  intensely  deformed 
Ordovician  and  Silurian  rocks  of  the  Caledonian  (middle- 
Devonian)  orogenic  belt.  Protruding  through  the  central 
plain  are  mountainous  inliers  of  Old  Red  Sandstone,  some¬ 
times  with  cores  of  Silurian  and  rarely,  Ordovician  rocks 
(Figure  1.1). 
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Ordovician  and  Silurian  lithologies  include  shale, 
mudstone,  siltstone,  greywacke ,  and  intercalated  extrusives. 
The  Caledonian  grain  is  ENE  to  NE  except  where  locally  dis¬ 
rupted  by  Caledonian  granite  massifs. 

Lower  Carboniferous  or  Dinantian  is  subdivided  into 
Tournaisian  and  Visean.  Basal  shale,  sandstone  and  shaly 
limestone  pass  upward  through  limestone  and  dolomite  of 
Tournaisian  age  into  a  calcareous  bryozoan-brachiopod  mud 
bank  complex  (Waulsortian  "reef"  facies)  of  Upper  Tournaisian 
Lower  Vise'an  age.  The  Waulsortian  facies  gives  way  northward 
to  a  lagoonal  limestone  facies  (Calp)  and  southward  to  deeper 
water  shales  (Culm) .  Several  large  remnants  of  Namurian  sand¬ 
stone,  shale  and  coal  measures  overlie  Dinantian  carbonates, 
for  example,  west  of  Limerick.  Basaltic  lavas  and  sills  in 
the  Dinantian  are  focussed  at  a  number  of  small  centres, 
most  noteably  southeast  of  Limerick  and  tuff  horizons  are 
reportedly  recognized  in  some  mine  areas.  Tuffs  are  also 
reported  in  Devonian  sandstones.  Post  Carboniferous  igneous 
activity  in  Ireland  is  manifest  only  by  the  Tertiary  flood 
basalts  of  the  extreme  northeast. 

Open  folds  and  a  few  thrust  faults  in  the  Carboni¬ 
ferous  characterize  Armorican  compressive  stresses  in 
central  Ireland.  With  few  exceptions,  the  strata  are  flat 
lying  to  gently  dipping  north  of  the  Armorican  fold  belt. 
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The  dominating  structural  grain  is  ENE  but  changes  to  E 
approaching  the  Armorican  front.  Prominent,  generally 
ENE  striking  normal  faults  throughout  the  Central  Plain 
may  have  developed  in  response  to  a  relaxation  of 
Armorican  compressive  stresses,  probably  in  late  Carboni¬ 
ferous  to  early  Permian  times.  The  mountainous  Devonian 
and  Silurian  inliers  of  the  Central  Plain  may  owe  their 
existence  to  broad  Armorican  folding. 

Caledonian  Qrogenic  Belt 

Devonian  and  younger  strata  rest  with  pronounced 
unconformity  upon  intensely  deformed  and  slightly  meta¬ 
morphosed  rocks  of  the  Caledonian  (Middle-Devonian)  orogenic 
belt.  The  Caledonian  grain  is  ENE  to  NE  and  is  disrupted 
by  several  large  Caledonian  granite  massifs  of  about  350 
m.y .  age.  The  Ordovician  and  Silurian  were  periods  of 
almost  continuous  sedimentation.  Shales,  siltstones,  grey- 
wackes ,  cherts  and  volcanics  were  deposited  in  a  broad 
geosyncline  oriented  in  a  roughly  NE  direction.  Within 
the  area  of  study  Silurian  and  rarely  Ordovician  rocks  are 
exposed  as  inliers  which  protrude  above  the  Carboniferous 
Central  Plain.  Extensive  outcroppings  of  Ordovician  and 
Silurian  rocks  occur  peripheral  to  the  Carboniferous 
Central  Plain  particularly  in  the  northeast  and  southeast. 
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Devonian  Old  Red  Sandstone 

Pronounced  relief  on  the  basal  unconformity  is 
evidenced  by  a  considerable  variation  in  thickness  of  the 
Upper  Devonian  Old  Red  Sandstone.  Piedmont  accumulations 
at  the  base  pass  upward  through  dominantly  fluviatile 
sandstones  to  lacustrine  or  lagoonal  sandstones  and  marls 
at  the  top  reflecting  a  progressive  change  from  initially 
non-marine  to  marginal  marine  conditions.  Numerous  minor 
unconformities  are  believed  to  reflect  minor  Caledonian 
movements  which  extended  into  the  Upper  Devonian.  Minor 
volcanic  activity  during  Old  Red  Sandstone  times  is 
indicated  by  the  presence  of  andesitic  lavas  and  tuffs 
along  the  borders  of  the  basin  of  deposition. 

Carboniferous 

In  the  south  half  of  the  Central  Plain,  Carboni¬ 
ferous  strata  rest  conformably  on  Old  Red  Sandstone  so 
that  non-marine  elastics  in  the  north  are  chrono- 
stratigraphic  equivalents  of  marine  carbonates  in  the  south. 

The  Irish  Geological  Survey  distinguishes  eight 
well  defined  lithological  divisions  in  the  Carboniferous 
which  are  in  ascending  order:  Lower  Limestone  Shales, 

Lower  Limestone,  Middle  Limestone  (Calp) ,  Upper  Limestone, 
Yoredale  Series,  Pendleside  Series,  Millstone  Grit  and 
Coal  Measures.  Sandstones,  shales  and  coal  measures  above 
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the  Upper  Limestone  are  largely  eroded  and  are  preserved 
only  as  large  basinal  outliers.  Most  of  the  Central  Plain 
is  underlain  by  Carboniferous  carbonates,  mainly  the  Lower 
and  Middle  Limestones. 

The  Lower  Limestone  Shales  consist  of  alternating 
sandstones  and  shales  passing  upward  into  alternating  dark 
limestones  and  shales.  Its  thickness,  although  variable 
over  broad  areas,  probably  averaged  less  than  200-300  feet. 
Lower  Limestone  Shales  are  overlain  by  muddy  bioclastic 
limestones  and  minor  dolomite  of  the  Lower  Limestone  divi¬ 
sion.  The  Lower  Limestone  attains  a  thickness  in  excess 
of  1,000  feet  over  most  of  the  Central  Plain.  Bioclastic 
carbonates  of  the  Lower  Limestone  pass  upward  into  a  cal¬ 
careous,  bryozoan-brachiopod ,  mud  bank  complex  termed  the 
Waulsortian  "reef"  facies.  The  Waulsortian  facies  is 
believed  to  have  occupied  a  broad  area  of  about  3,000 
square  miles  analogous  to  a  barrier  reef  which  separated 
deep  water  shales  of  the  incipient  Variscan  geosyncline  to 
the  south  from  lagoonal  limestones  (Calp)  to  the  north. 

The  Waulsortian  is  diachronous.  It  developed  first  in  the 
south  where  it  attains  its  maximum  thickness  (2,500  feet 
near  Limerick)  and  spread  northward  toward  the  latitude  of 
Tynagh  (500  feet  thick) .  To  the  north  Waulsortian  knolls 
occur  at  several  stratigraphic  levels  within  the  Calp. 


The  Calp  or  Middle  Limestone  consists  of  massive 
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bedded,  black,  non-fossiliferous  limestones  and  shales 
with  thin  pyritic  shale  beds  and  contains  banded  and  nodular 
cherts.  It  lies  above  and  is  in  part  equivalent  to  the 
Waulsortian. 

The  Upper  Limestone  is  predominantly  a  bioclastic 
limestone.  It  is  preserved  only  locally.  In  the  vicinity 
of  Galway  Bay,  Upper  Limestone  lies  directly  on  Lower 
Limestone  and  this  may  be  due  to  non-deposition  as  a  result 
of  Lower  Carboniferous  earth  movements.  The  Carboniferous 
stratigraphy  at  the  Mogul,  Tynagh,  Gortdrum  and  Riofinex 
mines  together  with  ages  and  faunal  zones  of  the  various 
stratigraphic  divisions  is  given  in  Figure  1.2. 

Lower  Carboniferous  volcanic  activity  took  place 
at  a  number  of  widely  separated  centres  within  the  Central 
Plain.  Most  notable  of  these  is  the  Pallas  Hills  southeast 
of  Limerick  where  a  graded  series  of  basaltic  lavas  and 
tuffs  is  found  at  two  horizons,  lower  and  upper  Visean. 

The  lavas  include  olivine  basalts,  trachybasalts ,  trachyan- 
desites,  trachytes  and  picrite  basalts  and  are  associated 
with  tuffs  and  agglomerates,  plugs  and  sills  (Ashby,  1939). 
Carboniferous  rocks  are  poorly  exposed  in  Ireland  and  other 
volcanics  doubtless  exist  beneath  the  cover  of  glacial 


drift  and  bog. 
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.2  Carboniferous  stratigraphy  and  ore  horizons  at  Mogul ,  Tynagh,  Gortdrum  and Riofinex  mines  (from  Snelgrove,  1 
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Armorican  (Permo-Carboniferous)  Structure 

At  the  close  of  the  Carboniferous,  intense  folding, 
faulting  and  uplift  of  the  Variscan  geosynclinal  sediments 
by  Armorican  stresses  resulted  in  the  development  of  the 
Hercynian  mountain  belt  in  southern  Ireland.  The  intensity 
of  deformation  increases  from  north  to  south  approaching 
the  Hercynian  front.  Open  folds  and  a  few  thrust  faults 
characterize  Armorican  compressive  stresses  in  the  area  of 
study,  and  with  few  exceptions  the  strata  are  flat  lying 
to  gently  dipping.  A  major  thrust  fault  marks  the  Hercynian 
front.  South  of  this  front  the  rocks  are  tightly  folded 
and  strongly  cleaved. 

Within  and  close  to  the  Hercynian  fold  belt  the 
structural  alignment  is  EW.  Progressing  northerly  from 
the  Hercynian  front  the  alignment  changes  gradually  from 
E  to  ENE.  This  change  in  structural  trend  is  believed 
due  to  the  increasing  influence  of  Caledonian  basement 
structures  which  may  have  been  reactivated  by  Hercynian 
movements . 

Large  inliers  of  Devonian  sandstone  and  Silurian 
slate  protrude  above  the  Central  Plain  and  appear  to  have 
been  uplifted  by  broad  Hercynian  folding.  The  irregular 
shapes  of  these  inliers  suggest  some  basement  control. 


Numerous  normal  faults,  the  majority  of  which 
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strike  ENE ,  may  have  developed  in  response  to  a  relaxation 
of  Armorican  compressive  stresses.  The  major  movement  on 
these  faults  would  appear  to  have  developed  in  a  late 
Hercynian  structural  phase.  Movement  may  have  taken  place 
along  these  faults  in  Lower  Carboniferous  times ,  however 
the  evidence  at  hand  is  equivocal.  The  Mogul,  Tynagh, 
Gortdrum,  Riofinex  and  Tara  base  metal  deposits  are 
spatially  related  to  ENE  striking  normal  faults. 

Post-Carboniferous 

Permian  through  Triassic,  Jurassic  and  Cretaceous 
sediments  are  preserved  in  northeast  Ireland  beneath  a 
capping  of  Tertiary  flood  basalts.  Permian  strata  may 
have  been  restricted  to  the  northeast.  The  Mesozoic  rocks 
on  the  other  hand  likely  extended  over  all  of  Ireland  and 
are  now  absent  through  erosion.  The  Tertiary  basalts 
were  probably  largely  restricted  to  their  present  distri¬ 
bution.  These  basalts  represent  the  latest  phase  of 
igneous  activity  in  Ireland. 

Geology  of  the  Base  Metal  Deposits 

Consolidated  Mogul  Mine 

Two  distinct  ore  zones  lie  within  Lower  Carboni¬ 
ferous  carbonates  on  hangingwall  side  of  the  Silvermines 
Fault  (Figure  1.3).  The  Silvermines  Fault  strikes  ENE, 
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dips  about  65°  north  and  has  a  normal  displacement  of  800- 
1100  feet  (Rhoden,  1958) .  It  marks  the  northern  boundary 
of  a  Devonian  inlier,  the  Silvermines  Mountains.  A  lower 
discordant  and  disseminated  ore  zone  (20%  sulphides,  Weber 
1966)  lies  sub-parallel  to  the  fault,  and  a  stratiform 
and  massive  upper  ore  zone  dips  at  10-15°  to  the  north 
away  from  the  fault.  A  large  stratiform  deposit  of  crypto¬ 
crystalline  barite  (Magcobar  Mine)  lies  stratigraphically 
above  the  upper  ore  zone  in  upper  dolomite  of  Visean  age. 

Sulphides  of  the  upper  zone  are  almost  exclusively 
microcrystalline,  characteristically  colloform  and  fram- 
boidal,  pyrite  (75%),  sphalerite  (20%)  and  galena  (5%) 
(Weber,  1966).  In  contrast,  sulphides  of  the  lower  zone 
are  coarse  grained  and  mineralogically  diverse.  According 
to  Weber  (1966) ,  sphalerite  and  galena  dominate  and  pyrite 
is  accessory.  Chalcopyrite ,  tetrahedrite ,  bournonite  and 
arsenopyrite  occur  in  minor  amounts.  The  lead-zinc  ratio 
is  1:4  in  the  stratiform  ore  and  this  ratio  is  reversed  in 
the  disseminated  ore  (Weber,  1966). 

Numerous  small  base  metal  deposits  occur  for  a 
distance  of  three  miles  along  the  Silvermines  lault  and 
through  a  stratigraphic  range  of  at  least  500  feet. 

The  genesis  of  the  Silvermines  sulphides  is  contro¬ 
versial.  Rhoden,  whose  study  predates  discovery  Oj_  the 
Mogul  deposit,  believes  that  sulphide  occurrences  along 
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the  fault  are  epigenetic  hydrothermal.  As  evidence  he 
states  that  mineralization  postdates  major  fault  displace¬ 
ment  which  he  has  shown  to  be  at  least  post-Lower  Carboni¬ 
ferous.  He  believes  that  metalliferous  solutions  were 
channeled  along  the  fault  and  notes  that  bleaching  and 
sulphidation  of  the  Old  Red  Sandstone  can  be  traced  some 
distance  from  the  fault.  Although  direct  evidence  is 
lacking  he  is  of  the  opinion  that  the  mineralization  is 
Triassic  to  Jurassic  in  age. 

Graham  (1970)  who  has  carried  out  detailed  mineralo- 
gical  studies  of  the  Mogul  deposit  believes  the  lower  orebody 
is  epigenetic  and  the  upper  orebody  is  syngenetic.  He 
believes  that  thermal  connate  waters  leached  base  metals 
from  lower  Paleozoic  rocks  and  were  channeled  upwards 
along  the  Silvermines  Fault.  On  reaching  the  surface  the 
sulphides  were  chemically  precipitated  in  a  restricted 
basin  or  lagoon.  Evidence  for  a  syngenetic  genesis  of 
the  upper  ore  includes  shape,  conformable  nature,  collo- 
form  textures  and  structures  resembling  slump  features  in 
the  upper  ore  and  the  pronounced  mineralogical  differences 
between  the  upper  and  lower  orebodies. 

The  stratigraphic  position  of  the  Mogul,  Tynagh, 
Gortdrum  and  Riofinex  mineralization  in  relation  to  local 
Carboniferous  lithologies  is  given  in  Figure  1.2. 
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Tynagh  Mine 

The  Tynagh  lead-zinc-copper-silver  orebody  lies 
mainly  within  Waulsortian  reef  limestones  on  the  north  or 
hangingwall  side  of  the  North  Tynagh  Fault  (Figure  1.4). 
The  North  Tynagh  Fault  strikes  ENE  and  dips  to  the  north 
at  about  50°  (Derry  et  al. ,  1965) .  In  the  vicinity  of 
the  mine  a  displacement  of  about  1,200  feet  on  the  fault 
has  juxtaposed  Devonian  Old  Red  Sandstone  and  Lower 
Carboniferous  carbonates.  Although  the  ore  is  contained 
mainly  within  the  Waulsortian  facies,  mineralization  in 
Carboniferous  lithologies  is  known  to  extend  over  a  length 
of  10,000  feet  along  the  fault  and  through  a  stratigraphic 
thickness  of  1,500  feet  (Morrissey  et.  al_ .  ,  1968).  Sul¬ 
phides  in  uneconomic  quantities  are  also  found  in  the 
footwall  sandstones.  An  iron  formation  which  attains  a 
maximum  thickness  of  about  150  feet  lies  to  the  north  of 
the  orebody  at  the  same  stratigraphic  level.  The  iron 
formation  consists  of  banded  hematite  and  chert  and  was 
probably  chemically  precipitated  in  a  small  restricted 
marine  basin  (Shultz,  1966a).  A  tuffaceous  bed  5  feet 
thick  was  found  in  the  mine  area. 

The  primary  sulphides  are  pyrite,  sphalerite, 
galena  and  chalcopyrite  in  that  order  of  abundance. 

Gangue  is  predominantly  barite  (up  to  40%)  and  in  part 
calcite .  The  sulphides  occur  as  replacements  and  in- 
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(a) 


(b) 


Fig.  1.4  (a)  Plan  and  cross  section  of  Tynagh  deposit  (from  Derry,Clarl<  &  Gil  latt,  1965) 

(b)  Plan  of  Gori-drum  deposit  (from  Thompson,  1967) 
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fillings  in  fractured  and  brecciated  reef  limestones.  The 
average  ratio  lead- zinc-copper  is  about  8:8:1  respectively. 

A  secondary  orebody  of  black  sulphide-rich  mud  lies 
atop  the  af oredescribed  primary  ore.  It  contains  economic 
concentrations  of  lead  and  zinc  sulphides  and  carbonates 
together  with  pyrite  and  barite.  This  secondary  ore  is 
believed  to  be  largely  residual.  Pieces  of  Sequoia  and 
Cypress  found  in  the  mud  date  this  residual <ore  as  Tertiary. 

The  genesis  of  the  Tynagh  deposit  is  controversial. 
Derry  ej:  al_.  ,  1965  tentatively  conclude  that  the  primary 
ore  "resulted  from  sulfataric  solutions  issuing  during  a 
period  of  local  vulcanicity  from  fissures  that  may  have 
followed  the  same  zone  as  the  North  Tynagh  Fault."  These 
solutions,  they  state,  precipitated  the  sulphides  "by 
seeping  into  a  reef  or  mud  bank  complex  in  an  area  of  recent 
organic  growth."  The  iron  and  silica  remained  in  solution 
and  precipitated  in  a  restricted  basin  off  the  edge  of  the 
reef.  Shultz,  1966b,  disagrees  with  a  penesyngenetic 
formation.  He  emphasizes  that  the  stratigraphic  range  of 
mineralization  spans  the  entire  Lower  Carboniferous  locally 
and  that  the  major  dimensions  of  mineralization  parallel 
the  plane  of  the  fault.  He  produced  evidence  that  the 
mineralization  is  post-faulting  and  that  there  is  no  sup¬ 
port  for  the  existence  of  the  North  Tynagh  Fault  in  Lower 
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Carboniferous  times.  The  iron  formation  he  believes  to  be 
unrelated  to  the  sulphide  deposits.  Shultz  favours  an 
epigenetic  hydrothermal  genesis. 

Gortdrum  Mine 

Gortdrum  deposit  occurs  in  Tournaisian  carbonates 
on  the  hangingwall  side  of  an  ENE  striking  normal  fault 
(Figure  1.4).  The  footwall  of  the  fault  is  Old  Red  Sand¬ 
stone.  An  account  of  the  Gortdrum  deposit  has  been 
published  by  Thompson  (1967) .  Ore  minerals  consist  of 
barite,  chalcopyrite ,  tetrahedrite  and  chalcocite  which 
occur  as  disseminations  and  fracture  fillings  in  dolo- 
mitized  limestone  and  shaly  limestone  host  rocks.  The 
gangue  is  barite,  calcite  and  dolomite.  The  axis  of 
mineralization  is  subparallel  to  the  fault  and  the  tenor 
of  the  ore  decreases  with  distance  from  the  fault. 

Reserves  are  four  million  tons  grading  1.2%  copper  and 
0.75  ounces  silver  per  ton.  Thompson  believes  that 
hydrothermal  solutions  with  a  possible  common  origin  to 
basic  dykes  in  the  area  (likely  related  to  Carboniferous 
volcanics  of  the  Pallas  area  to  the  west)  introduced  the 
copper  and  silver  minerals  into  already  dolomitized  and 
fractured  host  rocks. 

Riofinex  Mine 


Sphalerite  and  galena  together  with  minor  amounts  of 
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pyrite  and  barite  occur  in  sandstones,  conglomerates, 
shales  and  limestones  adjacent  to  an  EW  striking  fault. 
The  host  rocks  range  from  Silurian  through  Devonian 
to  Tournaisian  and  the  mineralization  spans  a  strati¬ 
graphic  range  of  about  1,000  feet  (Snelgrove,  1966). 
Mineralization  is  known  to  extend  for  six  miles  along  the 
fault.  However,  the  north-south  extent  is  generally  less 
than  150  feet  (Morrissey  et  al. ,  1968) .  The  fault  is 
believed  to  postdate  the  youngest  rocks  preserved  in  the 
area. 


Minor  Base  Metal  Occurrences 

Lead  isotope  ratios  were  determined  for  galenas 
from  another  20  base  metal  occurrences  shown  in  Figure  1.1. 
Four  of  these  are  veins  in  Silurian  or  Devonian  sandstones 
and  the  remainder  are  disseminations,  replacements  and 
fracture  fillings  at  various  stratigraphic  levels  in  the 
Lower  Carboniferous.  The  mineralogy,  host  rocks  and 
apparent  controls  are  tabulated  for  each  occurrence  in 
Appendix  1. 


CHAPTER  II 


THEORY 


Introduction 

Model  lead  interpretations  are  based  on  the  ratios 
of  the  lead  isotopes  Pb204,  Pb206,  Pb207  and  Pb208  in 
common  lead.  All  lead  has  evolved  by  the  addition  of 
radiogenic  Pb288,  Pb287  and  Pb288,  which  is  produced  by 
the  radioactive  decay  of  uranium  and  thorium,  to  an  ori¬ 
ginal  or  "primeval"  lead,  which  existed  at  the  time  of 
formation  of  the  earth  (time  of  formation  of  the  earth  = 
t  ) .  Pb284  is  non-radiogenic  and  its  absolute  abundance 

in  the  earth  has  not  changed  since  the  time  t  .  Common 
lead  is  lead  which  was  isolated  from  uranium  and  thorium 
at  the  time  of  its  mineralization  (time  of  mineralization  = 
t^)  and  has  subsequently  remained  free  of  uranium  and 
thorium  to  the  present  time  designated  t  =  0.  Because  the 
isotope  ratios  in  common  lead  (uranium  and  thorium  free 
by  definition)  cannot  have  changed  since  the  time  t^,  these 
ratios  are  therefore  identical  to  the  isotopic  composition 
of  lead  in  the  source  region  at  the  time  t^. 


The  radiogenic  lead  isotopes  are  the  stable  decay 
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products  of  U  ,  U  and  Th  produced  according  to 
the  following  decay  schemes. 


Parent  Nuclide 


Stable  Decay  Products 


u238 

Pb206 

u235 

Pb207 

Th232 

Pb208 

+  8  He  +  energy 
+  7  He  +  energy 
+  6  He  +  energy 


Half  Life 
1n9 

x  10  years 

4.49  ±  0.02 
0.713  ±0.16 
13.9  ±  0.03 


The  isotope  ratios  of  any  common  lead  whatsoever 
are  defined  exactly  by  the  integral  equations 


x 


y 


z 


c 

o 


1 


2.1 


provided  that  all  lead  was  derived  from  primeval  lead  of 
abundances  a  ,  bQ  and  c  .  The  symbols  used  in  equations 
2.1  are  defined  in  Table  2.1. 


Models  for  the  Interpretation  of  Common  Lead  Isotope  Ratios 


Equations  2.1  cannot  be  used  as  such  to  date  a  common 
lead.  Models  must  be  constructed  based  on  assumptions  re¬ 
garding  the  parameters  JJ ,  V  and  W.  The  value  of  t  must  be 
known  and  depending  on  the  model  it  may  be  necessary  to  know 

a  ,  b  and  c  . 
o  o  o 
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TABLE  2.1 


Symbols  and  Constants  Used  in  Age  Determination 


Isotope  Ratio 

Present 

t  =  o 

Time 

b 

Primeval 

t  =  t 

o 

.  206  .  .  204 

Pb  /Pb 

a 

X 

a 

o 

Pb207/pb204 

b 

y 

b 

o 

.  208  .  .  204 

Pb  /Pb 

c 

z 

cQ 

U238/U235 

u238/Pb204 

137.8 

P 

1 — 1 
-p 

O 

3.33 

Xt 

pe  ° 

Xt 

Ve  ° 

u235/Pb204 

V 

w  Xt 

Ve  1 

Th232/Pb204 

w 

T7  Xt1 

We  1 

X't 

We  0 

Parent  Atom 


U 


U 


238 


235 


Th 


232 


-9  -1 

Decay  Constant  in  10  yr. 


X  =  0.1537 
X  =  0.9722 
X"  =  0.0499 


Geophysical  constants 


t  =  4.578  x  10  yr  - 

Cooper  et  al.,  1969 


a  =  9.346 


b  =  10.218 
o 


-  Oversby,  1970 


28.96 
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Gerling  (1942) ,  Holmes  (1946)  and  Houtermans  (1946) 
assumed  that  the  ratios  U  /Pb  ,  U  /Pb  and  Th  /Pb 
changed  only  by  radioactive  decay,  in  locally  closed  systems, 
during  the  time  interval  between  t  and  t^ .  Isotopic  frac¬ 
tionation  of  uranium  in  nature  is  extremely  rare,  therefore 
238  235 

the  ratio  U  /U  changes  only  by  radioactive  decay.  The 

TOO  p  p  c 

present  day  value  of  the  ratio  U  /U  or  Jl/V  is  137.8. 
Assuming  the  above  ratios  change  only  by  radioactive  decay, 
equations  2.1  simplify  to 

Xt  Xt 

x  =  aQ  +  J!(e  °  -  e  1)  (a) 


X't  X't 

y-b  +  )1  (e  °-e  1)  (b) 

o  — - - 

137.8 


X"t  X"t1 

Z  =  c+  W  (e  °-e  )  (c)  2.2 

o 

The  ratio  jl  may  be  eliminated  between  equations  2.2  (a)  and 

2.2  (b)  to  give 

X't  X' t, 

0  =  y-  b  (e  °-e  ) 

o  _ 

Xt  Xt  i 

x  -  a  137.8  (e  °  -  e  )  2.3 

o 

The  right  hand  side  of  equation  2.3  is  a  constant  for  all 

leads  mineralized  at  time  t^ .  On  a  plot  of  y  vs  x,  all 

leads  mineralized  at  time  ti  will  fall  on  a  straight  line 

throuqh  a  and  b  and  having  slope  0.  This  equation, 

3  o  o 

known  as  Houtermans'  "isochron  equation",  can  be  solved 


for  t j ,  knowing  only  t  . 
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In  subsequent  years  it  was  demonstrated  that  many 
ore  leads  of  different  ages,  irrespective  of  geographic 
location,  plot  close  to  a  single  "growth  curve"  on  graphs 
of  y  vs.  x  and  z  vs .  x  (Collins,  Russell  and  Farquhar, 

1953;  Russell  and  Allan,  1954;  and  Russell  and  Farquhar, 
1960a  and  1960b) . 

With  steady  improvements  in  analytical  techniques 
it  became  evident  that  most  of  the  scatter  in  the  earlier 
data,  away  from  a  single  growth  curve,  could  be  attributed 
to  experimental  error  and  the  lack  of  standardization. 

The  remaining  scatter  was  due  mainly  to  the  inclusion  of 
a  large  number  of  anomalous  leads  which  are  discussed  in 
a  later  section.  The  close  approximation  of  many  leads 
the  world  over  to  a  single  growth  curve  (Figure  2.1) 
cannot  be  explained  if  the  lead  has  evolved  in  discrete 
systems,  each  with  different  U/Pb  and  Th/Pb  ratios,  as  per 
the  assumptions  of  Houtermans.  They  assumed,  therefore, 
that  many  common  leads  have  evolved  from  the  time  t  to 
the  time  t^ ,  in  a  single  closed  system,  homogeneous  with 
respect  to  the  ratios  p  and  W.  These  common  leads  which 
evolved  in  such  a  single  homogeneous  closed  system  became 
known  as  ordinary  leads  as  opposed  to  anomalous  leads  which 
have  a  multi-stage  history.  The  most  likely  source  region 
for  ordinary  leads  was  considered  to  be  the  mantle.  It 
was  then  possible  to  determine  the  values  p  and  W  for  the 
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Fig.  2.1  Pb207/Pb204  -  Pb206/Pb204  and  Pb208/Pb204  -  Pb206/Pb204 

plots  showing  the  close  fit  of  many  ore  leads  to  a  single  growth  curve 

(from  Kanasewich  and  Farquhar,  1965). 
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growth  curves  which  best  fit  the  data  and  thereby  relate 

the  U  -Pb  and  Th  ~Pb  systems.  With  accurate 

determination  of  the  ratios  a  ,  b  and  c  of  primeval  lead 

o  o  o 

(see  next  section) ,  and  the  age  of  the  earth  t  ,  it  was 
possible  to  date  ordinary  leads  on  graphs  of  y  vs  x  and 
z  vs  x . 

The  Geophysical  Constants  a  ,  b  ,  c  and  t 
^  d_ o'  o'  o_ o 

Precise  knowledge  of  t  ,  in  particular,  and  of  aQ, 
bQ  and  cq  is  a  prerequisite  to  accurate  model  lead  dating. 
These  constants  have  been  determined  by  the  study  of  lead 
isotope  ratios  in  meteorites. 

Patterson  (1953)  determined  the  lead  isotope  ratios 
in  the  troilite  phase  of  two  meteorites,  Canyon  Diablo  and 
Henbury.  The  troilite  in  each  case  contained  only  negli¬ 
gible  amounts  of  uranium  and  thorium,  therefore  the  lead 
ratios  had  not  changed  measurably  since  the  time  of  their 
formation.  Averaging  the  ratios  in  the  two  meteorites,  he 
obtained  9.50,  10.36,  29.49  for  a  ,  bQ  and  cq  respectively. 
Houtermans  (1953)  and  Patterson  (1953  and  1955)  obtained 
4.5  x  109  year  for  t  using  equations  2.2  (a)  and  2.2  (b) , 
assuming  a  ,  b  and  c  to  be  the  same  for  the  earth  as  for 
meteorites . 


Patterson  (1956)  showed  that  the  lead  isotope  ratios 


■ ; 
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of  three  stone  meteorites  and  two  iron  meteorites  defined  a 

straight  line  on  a  plot  of  y  vs  x  and  this  line  he  called 

the  "primary  isochron"  for  t  =  0.  This  showed  that  these 

meteorites  are  related  through  common  values  of  aQ,  bQ  and 

c  ,  and  proved  that  the  lead  ratios  had  developed  from  a 

common  time  t  in  closed  systems.  The  time  t  was  found  to 

o  u  o 

9 

be  4.55  ±  0.07  x  10  year,  by  applying  the  Houtermans 
isochron  equation  to  the  meteorite  isochron.  Patterson  in 
the  same  publication  showed  that  lead  from  modern  galenas 
and  from  oceanic  sediments  plotted  within  the  limits  of 
error  of  the  primary  isochron,  demonstrating  quite  conclu¬ 
sively  a  common  time  of  origin  for  the  earth  and  meteorites. 

Several  revisions  in  the  values  for  a  ,  b  ,  c  and 

o  o  o 

t  have  been  made  subsequently  using  Patterson's  method. 

9 

The  currently  most  accepted  value  for  t  is  4.578  x  10 

years  (Cooper  et.  al.  ,  1969),  which  value  is  based  on  a  new 

single-stage  growth  curve  defined  by  more  accurate  ratios 

for  a  ,  b  and  c  (Oversby,  1970)  and  more  precise  measure- 
o'  o  o 

ments  on  ordinary  leads  (Cooper  et  al . ,  1969).  The  above 

ratios  were  determined  more  accurately  by  correcting  for 

mass  dependent  and  hence  weighted  fractionation.  The  newly 

revised  values  for  a  ,  b  and  c  are  9.346,  10.218  and 

o  o  o 

28.96  respectively. 
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Anomalous  Leads 

Leads  which  have  developed  in  more  than  one  closed 
U  -  Th  -  Pb  system  are  called  anomalous  leads. 

On  the  assumption  of  a  single  growth  curve,  all 
anomalous  leads  are  a  mixture  of  ordinary  lead  with  lead 
produced  in  one  or  more  different  U  -  Th  -  Pb  environments, 
with  one  exception.  A  mixing  of  two  or  more  ordinary  leads 
of  different  ages  will  produce  an  anomalous  lead.  In  this 
instance,  each  of  the  end  members  has  evolved  in  the  same 
U  -  Th  -  Pb  system  but  for  different  lengths  of  time. 
Anomalous  leads  which  are  not  a  mixing  of  ordinary  leads 
can  be  defined  by  the  general  equation 

Xt  Xt,  Xt,  Xt?  Xt  Xt 

x  =  aQ  +  p(e  °-e  )  +  (e  -e  )  +  JJ2  (e  -e  )  + 

Xt  _  Xt 

(e  n  1  -e  n)  etc.  for  y  and  z  2.5 

- P  n-1 

for  n  stages  each  having  a  different  ratio  JJt.  Generally, 
anomalous  leads  from  a  limited  geographic  region  show  a 
linear  relationship  or  "anomalous  lead  line"  on  plots  of 
y  vs .  x  and  z  vs .  x  provided  that  mixing  of  the  two  com¬ 
ponents  has  been  incomplete.  Anomalous  leads  may  be 
classified  into  the  following  types: 

(1)  Mixture  of  two  ordinary  leads 

(2)  Two-stage  anomalous  lead 

(3)  Short  period  anomalous  lead 


. 
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(4)  Simple  three-stage  anomalous  lead 

(5)  Higher  order  multi-stage  lead 


The  anomalous  lead  line  resulting  from  a  mixing  of 
two  ordinary  leads  with  different  ages  should  intersect  the 
single-stage  growth  curve  at  two  points  and  not  extend  beyond 
it. 


Many  examples  of  two-stage  leads  are  documented  in 
the  literature  (Farquhar  'et  al_.  ,  1957  ,  Heyl  et  al .  ,  1966 
and  Sinclair,  1966).  For  a  two  stage  lead  equations  2.5 
reduce  to 


At  i  At 

x  =  x  +  p,(e  -e  j 
o  r  1 

A' 1 1  A't 

y  =  yQ  +  Pi  (e  -  e  > 

137.8 

A"tj  ^"^2 

z  =  z  +  W  •,  (e  -e  ) 

o  J- 


(a) 

(b) 

(c)  2.6 


Eliminating  Ji ,  between  equations  2.6  (a)  and  2.6  (b) 


r  =  y  -  yQ 

X  -  xo 

where  x  ,  y_  and 
o  2  o 


=  (e 


A't 

-AW 


137.8  (e 


1 


x'% 

-e~^i 


-  e 


) 


2.7 


z 

o 


are  the  average  isotope  ratios  of  the 


ordinary  lead  component  (Kanasewich,  1962b).  The  ratios  xq 
and  y  are  given  by  the  point  of  intersection  of  the  anoma¬ 


lous  lead  line  with  the  growth  curve,  and  from  these, 
can  be  calculated  and  equation  2.7  solved  for  Alter¬ 

natively,  uncontaminated  ordinary  leads  may  be  found  and 

from  these  x  and  y  measured  directly •  Similarly  t^  may 

o  o  ^ 
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be  determined  on  a  plot  of  z  vs.  x. 

Two-stage  leads  where  the  second  stage  is  relatively 
short  are  called  short  period  anomalous  leads.  The  anomalous 
lead  line  is  almost  tangent  to  the  growth  curve.  The  length 
of  the  anomalous  lead  line  depends  upon  the  U/Pb  ratios,  the 
duration  of  the  second  stage  and  the  degree  of  homogeniza¬ 
tion  prior  to  the  time  of  mineralization.  Great  precision 
in  the  data  is  required  in  order  to  recognize  a  short  period 
anomalous  lead  line  and  determine  its  slope. 

Some  anomalous  leads  have  been  interpreted  as  three 
stage  (Ulrych,  1964),  however  because  of  the  complexities 
of  multistage  leads ,  mathematical  and  geological  interpre¬ 
tation  is  extremely  difficult.  It  is  believed  that  leads 
with  histories  of  three  or  more  stages  are  rare.  Hypotheti¬ 
cal  three  stage,  six  stage  and  eleven  stage  models  have 
been  considered  by  Kanasewich  (1962b) . 

Other  Models 

Mantle  Depletion  Models 

Uranium  and  thorium  partition  between  crust  and 
mantle  so  as  to  cause  a  depletion  of  these  elements  in  the 
mantle.  Models  have  been  constructed,  notably  by  Damon 
(1954)  and  Vinogradov  et  al.  (1959) ,  which  account  for 
the  change  of  JJ  and  W  resulting  from  this  depletion. 
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Mantle  differentiation  models  vary  on  their  assumptions  of 
the  rate  of  continental  accretion  and  rate  of  convective 
turnover  or  homogenization  of  the  mantle.  The  effect  of 
this  differentiation  on  'the  parameters  JJ  and  W  is  a  subject 
of  debate.  Certainly  differentiation  does  occur.  On  a 
consideration  of  relative  volumes  of  crust  and  mantle 
(above  500  Km) ,  and  assuming  the  mantle  is  homogenized  by 
convection,  the  resulting  depletion  of  U  and  Th  in  the 
mantle  must  be  minor. 

Continuous  Mixing  Model 

Armstrong  (1968)  has  considered  the  case  of  con¬ 
tinuous  mixing  of  crust  and  mantle,  which  process  tends 
toward  isotopic  equilibrium  between  the  two  environments. 
According  to  Armstrong,  this  would  explain  the  lack  of 
observed  depletion  of  U  and  Th  in  the  mantle. 

Sedimentary  Source  Model 

Tilton  et  ajL.  (1965)  ,  Ulrych  (1967)  and  Tatsumoto 
(1966a  and  1966b)  have  shown  from  studies  on  rock  leads 
that  volcanic  rocks  of  various  island  groups  in  the  Pacific 
Ocean  are  inhomogenous  with  respect  to  the  ratios  U:Th:Pb. 
These  ratios  are  variable  even  within  a  geographically 
limited  area  such  as  a  single  island  group.  These  authors 
believe  that  the  observed  isotopic  heterogeneity  is  a 
result  of  derivation  of  the  volcanics  from  an  isotopically 
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heterogeneous  upper  mantle.  Others  believe  the  pattern  is 
a  result  of  crustal  lead  contamination  of  ordinary  upper 
mantle  lead.  A  study  of  U,  Th  and  Pb  isotope  ratios  in 
eclogite  inclusions  in  kimberlites  similarly  suggests  the 
mantle  is  heterogeneous  (Lovering  and  Tatsumoto,  1968) . 

The  above  considerations  cast  doubt  on  the  assumption  that 
the  mantle  is  a  direct  source  of  ordinary  leads. 

Chow  and  Patterson  (1959  and  1962)  have  shown 
that  leads  from  modern  pelagic  sediments  and  manganese 
nodules,  of  both  the  Atlantic  and  Pacific,  are  isotopically 
uniform  over  extensive  areas,  and  plot  almost  on  a  projec¬ 
tion  of  the  growth  curve  for  ordinary  leads .  The  JJ  and  W/y 
ratios  for  these  leads  average  about  9.00  and  4.14  respec¬ 
tively.  Both  ratios  are  in  close  agreement  with  the  jl  and 

W/ ratios  for  the  source  of  ordinary  leads. 

U 

The  model  ages  are  negative  (in  the  future) ;  about 
-  200m. y.  for  Pacific  and  -  400  m.y.  for  Atlantic  leads. 

A  part  of  the  lead  in  these  pelagic  sediments  has  been 
derived  through  erosion  of  crustal  rocks.  An  indeterminate 
but  probably  significant  part  has  likely  been  derived 
directly  from  the  mantle  by  exhalative  processes.  A  large 
proportion  of  the  lead  derived  through  erosion  must  have 
been  contributed  by  sialic  rocks .  Uranium  and  thorium  are 
greatly  enriched  relative  to  lead  in  sialic  as  compared  to 
basic  rocks,  and  the  comparatively  radiogenic  lead  produced 
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in  this  environment  would  explain  the  observed  negative 
age  anomaly. 

On  a  very  general  scale  the  amount  of  this  negative 
anomaly  is  probably  a  function  of  the  amount  of  sialic 
material  exposed  to  erosion  at  any  given  time  in  the  past. 

If  the  continents  have  been  formed  by  a  process  of  conti¬ 
nental  accretion,  then  the  amount  of  sialic  material 
exposed  to  erosion  and  hence  the  radiogenic  component  of 
oceanic  lead,  has  increased  with  time.  Even  if  continental 
accretion  has  not  occurred,  lead  contributed  to  the  oceans 
should  become  increasingly  radiogenic  with  time  due  to  the 
natural  evolution  of  lead  in  a  sialic  environment  charac¬ 
terized  by  high  Th/Pb  and  U/Pb  ratios.  If  this  oceanic 
lead  was  remobilized  to  form  a  common  lead,  or  lead  ore, 
the  amount  of  shift  toward  a  younger  model  age  for  the  ore 
would  depend  on  its  actual  age  of  mineralization.  This 
shift  might  not  be  noticeable  for  the  oldest  leads  but  may 
be  quite  pronounced  for  the  more  recently  mineralized  leads. 

pop  p  o  o 

The  Th  /U  ratio  (determined  from  the  measured 
lead  ratios)  for  oceanic  leads  is  the  average  for  the  environ¬ 
ment  (the  lead  source)  in  which  the  leads  evolved,  and  not 
for  the  sediment  itself.  If  the  Th  /U  ratio  in  the 
sediments  deviates  significantly  from  this  average  ratio  for 
the  source  in  which  the  leads  evolved,  then  given  a  suffi- 
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cient  time  lapse  between  formation  of  the  sediment  and 
removal  of  the  lead  to  form  ore  lead  (residence  time) , 
deviations  from  the  single  growth  curve  would  be  apparent  on 
a  plot  of  z  vs.  x. 

Crustal  Magmatic  Source 

The  Th/U  ratios  in  igneous  rocks  vary  between  wide 
limits,  however  the  average  ratio  on  a  continental  scale 
is  about  the  same  as  that  for  the  source  of  ordinary  leads 
(Heier  and  Rogers,  1963).  An  apparently  ordinary  lead 
can  only  be  derived  from  a  magmatic  environment  if: 

1.  The  magma  was  formed  directly  from  a 

.  ,  .  ,,238  ,  _  232  .  ^204 

system  having  U  and  Th  to  Pb 

ratios  equivalent  to  the  source  for 
ordinary  leads,  and  soon  after  its  for¬ 
mation  lead  in  the  granite  was  remobilized 
to  form  common  lead. 

2.  The  magma,  by  coincidence,  happened  to 
have  the  same  U/Pb  and  Th/Pb  ratios  as 
the  source  for  ordinary  leads  and  the 
lead  was  remobilized  to  form  a  common 
lead  at  any  time  since. 

There  are  several  equally  unlikely  situations  whereby  an 
apparently  ordinary  lead  could  be  derived  from  a  crustal 
magmatic  environment.  These  same  considerations  apply  with 
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the  necessary  reservations  to  any  geological  environment. 
Summary 

# 

There  is  some  evidence  that  the  upper  mantle  and 
lower  crust  is  not  homogenous  with  respect  to  the  ratios 
U:Th:Pb.  It  has  been  demonstrated  that  leads  from  modern 
pelagic  sediments  are  isotopically  uniform  over  broad 
areas  and  plot  on  or  close  to  the  single-stage  growth 
curve  for  ordinary  leads.  Also  the  W /jX  ratio  for  these 
leads  is  almost  identical  with  that  for  the  source  of 
ordinary  leads.  Certain  oceanic  sediments  may  therefore 
constitute  a  source  of  apparently  ordinary  leads  and  the 
single-stage  growth  curve  may  define  the  average  isotopic 
constitution  throughout  time  of  crustal  and  upper  mantle 
lead  introduced  into  the  sea. 


CHAPTER  III 


METHODS,  ERRORS  AND  RESULTS 
Sample  Preparation 

A  total  of  29  lead  isotope  determinations  were  made. 
In  each  case  a  microscopically  pure  galena  separate  was 
carried  through  a  careful  dithizone  extraction  procedure 
(Appendix  1)  to  ensure  a  pure  sample.  The  end  product 
of  this  procedure  is  about  50-100pg.  of  fine  Pb  sulphide, 
ready  for  loading  on  the  mass-spectrometer  filament. 

Precautions  were  taken  to  prevent  any  contamina¬ 
tion  from  any  reagents  or  glassware  used  in  the  extraction 
procedure.  Reagents  were  prepared  from  high  purity  com¬ 
ponents  and  then  washed  (with  HC1  or  dithizone)  to  remove 
any  traces  of  metals  present.  Glassware  was  cleaned  in 
hot  concentrated  NaOH  for  at  least  6  hours,  rinsed  with 
distilled  water,  cleaned  again  in  hot  concentrated  HNO^  for 
at  least  6  hours,  rinsed  carefully  with  triple  distilled 
water  and  then  wrapped  in  parafilm. 

Prior  to  loading  a  sample,  the  filament,  which  is 
made  of  pure  tantalum  ribbon,  is  outgassed  at  4  Amps  and 
for  a  minimum  of  3  hours  in  a  vacuum  of  10  ^  Torr .  This 
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outgassing  serves  two  purposes.  It  removes  any  lead  con¬ 
tamination  on  the  surface  of  the  filament  and  changes  the 
physical  characteristics  of  the  tantalum,  which,  by 
experience,  produces  a  better  run.  The  outgassed  filament 
is  loaded  with  20-50ug.  of  the  purified  PbS  and  gradually 
heated  at  about  2  Amps  and  15  Volts.  This  heating  converts 
at  least  some  of  the  PbS  to  fused  PbO.  The  filament  is  then 
ready  for  mounting  in  the  mass-spectrometer. 

Analytical  Methods  and  Instrumentation 

Samples  were  run  on  a  12"  radius,  90°  sector, 
single  filament,  solid  source  mass-spectrometer,  designed 
and  built  by  Dr.  G.  L.  Cumming  of  the  Department  of 
Physics,  University  of  Alberta.  In  the  mass-spectrometer, 

the  samples  were  ionized  at  1.6  to  2.0  Amps  filament 

—  8 

current  in  a  vacuum  of  5  x  10  atm.  and  accelerated  to 
4  KV.  The  current  necessary  to  produce  strong  emission 
varied  from  one  run  to  the  next,  depending  on  sample  size 
and  the  amount  of  more  volatile  elements  present.  Simul¬ 
taneous  recordings  of  peak  heights  were  made  graphically 
on  a  chart  recorder,  and  numerically  on  a  digital  voltmeter 
set  to  1  second  integration.  The  chart  recorder  was  used 
for  monitoring  the  stability  during  a  run. 

The  mass-spectrometer  measures  the  ratios  206/204 
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207/206  and  208/206.  For  a  given  ratio,  eg.  206/204,  a  set 
of  peaks  were  recorded  in  alternate  fashion,  eg.  206  - 
204  -  206  -  204  etc.,  by  the  use  of  a  switching  mechanism. 

At  a  given  filament  setting  the  strength  of  emission  is 
rarely  constant.  It  may  be  either  increasing  or  decreasing 
linearly  and  therefore  the  switching  from  one  peak  to  the 
next  was  done  at  regular  time  intervals,  usually  of  12  or  15 
seconds.  At  least  20  pairs,  eg.  206  -  204,  were  determined 
for  each  of  the  three  ratios  at  a  given  filament  setting. 
After  measuring  the  three  ratios  in  the  above  fashion,  the 
filament  current  was  increased  to  produce  stronger  emission 
and  the  same  procedure  repeated.  Normally  each  sample  was 
run  at  three  different  filament  settings,  depending  on  the 
stability. 

The  most  stable  ratio  sets  for  each  filament  setting 
were  chosen  from  the  chart  recording.  The  corresponding 
numerical  values  from  digital  voltmeter  print~out  were  used 
in  the  computations.  The  ratios  corresponding  to  each 
filament  setting  were  averaged  to  give  the  reported  ratio. 

Accuracy  of  Results 

To  properly  appraise  the  reliability  of  the  results, 
it  is  necessary  to  consider  all  the  possible  sources  of 
error.  Error  can  be  attributed  to  Pb  contamination  and 
instrumentation  error.  These  sources  of  error  are  examined 
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in  turn. 

Possible  sources  of  contamination  include  reagents, 
glassware  and  filaments.  The  precautions  taken  to  avoid 
contamination  from  reagents  and  glassware  have  been  men¬ 
tioned.  Once  cleaned  these  materials  are  tightly  sealed 
to  prevent  contamination  from  atmospheric  lead  pollution. 

As  a  check,  a  blank  was  run  through  the  complete  extrac¬ 
tion  procedure  using  about  2  ml.  of  0.001%  dithizone. 

This  is  equivalent  to  a  maximum  of  0.8pg.  of  Pb.  No 
colour  change  was  observed  and  therefore  the  amount  of 
contaminant  Pb  from  reagents  and  glassware  is  much  less 
than  0.8pg.  Contamination  is  probably  not  greater  than 
O.lpg,  thus  for  lOOug  of  Pb  carried  through  the  extraction 
procedure  the  contaminant  would  be  about  0.1%  by  weight. 

The  effect  of  0.1%  by  weight  of  contaminant  Pb  on  the  mea¬ 
sured  ratios  should  be  insignificant  unless  the  isotope 
ratios  of  the  contaminant  Pb  are  in  very  different  pro¬ 
portions  than  in  the  sample.  The  tantalum  ribbon  used 
for  the  filaments  is  essentially  Pb  free.  Any  trace  amount 
of  Pb  on  the  surface  of  the  filament  should  be  removed  by 
outgassing . 

Instrumentation  error  is  most  serious.  This  is  the 
product  of  fractionation  in  the  mass-spectrometer,  non- 
linearity  of  the  recording  apparatus,  instability  of  the 
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run  and  inaccurate  measurements  of  the  Pb 


204 


peak . 


Isotopic  fractionation  in  the  mass-spectrometer  seems 
to  vary  depending  on  the  length  of  time  a  sample  is  run  and 
the  filament  settings  used.  To  minimize  weighted  fractiona¬ 
tion,  each  sample  was  run  at  several  different  filament 

/ 

settings  and  the  ratios  for  each  setting  were  averaged. 

The  error  caused  by  non-linearity  of  the  recording  appara¬ 
tus  varies  in  inverse  proportion  to  the  peak  height  and 

results  in  a  measured  value  lower  than  the  true  value. 

204 


This  error  is  most  pronounced  for  the  Pb' 


peak.  An 


examination  of  the  29  chart  recordings  reveals  no  definite 

204 

correlation  between  the  size  of  the  Pb  peak  and  the 

magnitude  of  the  206/204  ratio,  either  within  a  given 

sample  run  or  between  different  samples.  This  error  must 

204 

be  masked  by  other  errors  in  the  measurement  of  the  Pb 
peak . 


Normally  variations  due  to  instability  of  the 
mass-spectrometer  are  not  weighted  in  either  one  direction 
or  the  other  and  can  be  compensated  for  by  averaging  a 
sufficiently  large  number  of  values.  Only  the  stablest 
set  of  peaks ,  chosen  on  the  basis  of  the  best  straight  line 
fit,  were  used  in  the  calculations.  In  cases  of  greater 
instability,  the  sample  was  rerun.  The  standard  deviation 
for  each  ratio  in  Table  3.2  is  a  measure  of  instability  only. 
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The  most  significant  error  occurs  in  measuring  the 
20  4 

small  Pb  peak  because  it  is  most  susceptible  to  variations 

204 

m  background.  An  indication  of  the  expected  Pb  error  is 
afforded  by  the  intercomparison  standards  given  in  Table 
3.1.  The  207/204  and  208/204  ratios  are  obtained  by  multi¬ 
plying  the  207/206  and  208/206  ratios  by  the  206/204  ratio 

and,  therefore,  the  Pb^^  error  is  transferred  to  these 

204 

other  ratios.  All  other  errors  are  masked  by  Pb  error. 

When  plotted  on  a  graph  of  y  vs.  x  or  z  vs .  x,  samples 

204 

with  errors  in  the  Pb  abundances  fall  on  a  line  between 

the  origin  and  the  point  representing  its  true  isotope 

204 

ratio.  These  lines  are  called  Pb  error  lines.  On 

204 

the  graph  of  z/x  vs.  y/x  (208/206  vs.  207/206),  the  Pb 

error  is  removed  entirely  (the  directly  measured  ratios 

204 

are  used,  not  the  ratios  relative  to  Pb  ).  Sample  points 

on  this  type  of  plot  should  agree  closely  with  the  absolute 

values  and  the  scatter  should  be  a  good  measure  of  the 

geologic  variation  in  the  isotope  ratios .  Error  lines  in 

20  6 

the  latter  case  refer  to  Pb  error. 

A  good  test  of  the  reliability  of  the  mass-spectro¬ 
meter  is  provided  by  the  Broken  Hill  Intercomparison 
Standard  and  the  Egual  Atom  Lead,  NBS  982.  The  ratios  and 
precisions  of  the  two  Pb  standards  are  given  in  Taole  3.1. 
Five  runs  of  the  egual  atom  standard  were  interspersed 
with  sample  runs  as  a  check  on  mass-spectrometer  performance. 
The  precision  of  these  runs  is  reported  in  Table  3.2. 
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TABLE  3.1 


Calibration  of  the  12  Inch  Mass  Spectrometer  with 

NBS  982  and  Broken  Hill  Leads  (after  Green,  1968) 


NBS  982 

U.  of  A. 

Stand  values 
(Catanzaro 
et . al . ,1968) 

Precision  % 

208/206 

1.0001  ± 

0 . 0005 

1.0002 

0.01 

207/206 

0.4671  ± 

0 . 0002 

0.4671 

—  -- 

204/206 

0.02717  ± 
0.00003 

0.02722 

0.2 

Broken  Hill 

galena 

U.  of  A. 

Ulrych  (pers. 
comm . 

Baadsgaard , 
1967) “ 

Precision  % 

208/206 

2.2282  ± 
0.0010 

2.2283 

0.005 

207/206 

0.9616  ± 
0.0010 

0.9620 

0.04 

204/206 

0.06239  ± 
0.00004 

0.06248 

0.1 
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Results 


Measured  lead  isotope  ratios  were  corrected  using 
the  correction  factors  206/204  =  0.99815,  207/204  =  0.99723 
and  208/204  =  0.99630  which  are  based  on  a  large  statisti¬ 
cal  population  of  intercomparison  runs  on  the  NBS  982 
standard  at  the  University  of  Alberta.  Five  runs  of  NBS 
interspersed  with  the  29  sample  runs  (Table  3.2)  provide 
a  measure  of  mass-spectrometer  performance  but  are  too  few 
in  number  to  allow  calculation  of  statistically  reliable 
correction  factors. 

The  corrected  lead  isotope  ratios  together  w ith 
standard  deviations  are  presented  in  Table  3.2.  These 
results  are  presented  graphically  on  plots  of  y  vs.  x,  z 
vs.  x  and  z/x  vs.  y/x  in  Figures  4.2,  4.3  and  4.4. 
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CHAPTER  IV 


INTERPRETATION  AND  CONCLUSIONS 

Growth  Curves 

Recently  revised  geophysical  constants  aQ  =  9.346, 

bQ  =  10.218  and  cq  =  28.96  (Oversby,  1970)  and  age  of  the 

9 

earth  t  =  4.578  x  10  years  (Cooper  et  al_.  ,  1969)  were 

used  in  calculating  the  growth  curves.  The  best  fit  growth 

curve  on  the  plot  of  y  vs .  x  was  chosen  to  pass  through  the 

238  204 

average  of  the  data  and  has  a  Jl  (U  /Pb  )  ratio  of  8.79 

(Figure  4.2) .  This  growth  curve  happens  to  be  the  best 

fit  growth  curve  (Cooper  et  al_. )  for  ordinary  or  single- 

stage  leads.  Having  determined  the  p  value  for  the  best 

fit  growth  curve  on  the  plot  of  y  vs.  x,  the  value  of  36.4 
232  204 

for  W  (Th  /Pb  )  was  determined  to  position  the  growth 
curves  through  the  average  of  the  data  on  the  plots  of 
z  vs.  x  (Figure  4.3)  and  z/x  vs.  y/x  (Figure  4.4).  Selection 
of  the  best  fit  growth  curves  was  done  by  estimation,  not 
mathematically.  Error  lines  and  isochrons  are  shown  for 
various  ages  on  the  respective  growth  curves. 

Errors 

It  is  important  to  the  interpretation  to  determine 
whether  scatter  in  the  data  points  on  the  graphs  is  real  or 
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Fig*  4.1  Transparent  overlay  of  Pb^^/Pb^^  versus  pb206/pb204  pj0f 

distribution  parallel  to 

lines  of  geographically  related  Irish  leads. 
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due  to  error  in  measurement  of  the  lead  ratios. 

Considerable  scatter  in  the  ratios  is  evident  on 

the  y  vs .  x  and  z  vs .  x  plots,  and  to  some  extent  on  the 

z/x  vs  y/x  plot.  On  the  plot  of  y  vs.  x  all  29  points  are 

within  0.9%  of  the  growth  curve  measured  along  a 

error  line,  and  all  but  four  are  within  0.5%.  On  the  z 

vs.  x  plot  the  scatter  is  greater.  All  but  three  points 

204 

are  within  1%  of  the  growth  curve  along  a  Pb  error  line 

and  about  half  are  within  0.5%.  On  the  z/x  vs.  y/x  plot 
204 

the  Pb  error  has  been  removed.  All  but  4  points  lie 

206 

within  0.5%  of  the  growth  curve  along  a  Pb  error  line 
and  more  than  half  the  points  lie  within  0.25%. 

Samples  from  three  closely  defined  geographic  areas, 

Silvermines  (samples  13-20  inclusive)  Tynagh  (3  and  4)  and 

Ennis  (6-11  inclusive)  are  distributed  linearly  on  the  y  vs. 

204 

x  and  z  vs .  x  graphs,  almost  parallel  to  Pb  error  lines 

(Figure  4.1).  Scatter  in  the  data  is  therefore  probably 

20  4 

largely  the  result  of  Pb  measurement  error  although  some 
may  be  due  to  mass  fractionation.  A  similar  error  align¬ 
ment  is  not  nearly  as  apparent  on  the  plot  of  z/x  vs.  y/x. 

Although  the  largest  errors  would  be  expected  in 
the  measurement  of  the  small  Pb  ^  peak,  some  error  in  the 
measurement  of  the  Pb  ,  Pb  and  Pb  peaks  is  likely , 
and  probably  accounts  for  the  smaller,  but  still  significant 
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spreads  on  the  z/x  vs.  y/x  plots. 

Interpretation  Based  on  Lead-Model 
Single-Stage  or  Anomalous 

Scatter  in  the  ratios  for  samples  from  limited 

geographic  areas  is  about  parallel  to  error  lines,  and 

the  observed  error  is  within  expected  experimental  error' 

based  on  the  error  range  in  measurements  of  the  NBS  982 

standard.  For  these  reasons  it  is  likely  that  scatter  is 
204 

due  to  Pb  error  and/or  mass  fractionation.  Taking  into 
account  the  error  spread,  the  data  would  group  closely 
about  the  revised  single-stage  growth  curve  of  Cooper 
et  al .  (p>  =  8.79)  .  The  Irish  leads  may  therefore  be  in¬ 

terpreted  as  single-stage  leads.  This  is  readily  apparent 
on  the  graph  of  y  vs .  x  (Figure  4.5)  which  displays  the 
entire  growth  curve  of  Cooper  et  al . 

Alternatively,  the  Irish  leads  could  be  short 
period  anomalous  leads  because  of  the  large  spread  in  the 
data  in  the  direction  of  the  Pb206/Pb204  axis  on  the  plot 
of  y  vs.  x.  A  single  short  period  anomalous  lead  line 
would  indicate  that  the  Irish  leads  were  mineralized  at  the 
same  time.  Recognition  of  a  short  period  anomalous  lead 
line  and  mathematical  interpretation  in  terms  of  a  short 
period  two-stage  model  however,  would  require  at  least  an 
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order  of  magnitude  greater  precision  in  the  data.  The  fol¬ 
lowing  discussion  of  source  and  model  age  is  therefore 
limited  to  the  former  of  the  two  possibilities,  namely 
a  single-stage  interpretation. 

Source  of  Leads,  Single-Stage  Model 

According  to  a  single-stage  model,  the  lead  evolved 
in  an  environment  homogeneous  throughout  time  with  respect 
to  the  ratios  U/Pb ,  Th/Pb  and  Th/U.  The  uniform  source  of 

poo  904 

the  Irish  leads  has  present  ratios  of  U  /Pb  =8.79, 
Th232/Pb204=36.4  and  Th232/U2 38=4 . 14 . 

Model  Age,  Single-Stage  Model 

The  model  age  for  a  point  which  deviates  from  the 
growth  curve  because  of  measurement  error  can  be  determined 
by  projecting  the  point  to  the  growth  curve  along  an  error 
line.  Similarly  in  the  case  of  mass  fractionation,  the  point 
is  projected  along  a  fractionation  error  line.  The  time 
of  mineralization  is  then  read  directly  off  the  growth  curve. 

The  age  of  mineralization  as  determined  on  the 

plot  y  vs .  x  should  be  more  accurate.  Scatter  is  more 

204 

clearly  the  result  of  Pb  error.  Also  the  angle  of 

204 

intersection  between  the  Pb  error  line  and  the  growth 
curve  is  more  obtuse  than  on  the  z  vs.  x  and  z/x  vs.  y/x 
plots ,  where  the  error  lines  intersect  the  grov/th  curves  at 


56 


primary  growth  curve  of  Cooper  (JJ=8.79). 
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such  acute  angles,  that  a  slight  error  in  the  measured 
ratio,  when  projected  to  the  growth  curve,  would  produce  a 
large  error  in  age.  A  small  component  of  the  error  may 
be  due  to  mass  fractionation  however  this  should  not  greatly 
affect  the  model  ages  determined  below. 

Model  ages  for  a  given  ordinary  lead  should  agree 
for  the  three  lead-lead  plots.  Error  in  measurement  of 
the  Irish  leads  however  is  such  that  the  ages  do  not  agree 
very  closely. 

Model  ages  are  given  for  the  Silvermines,  Tynagh 
and  Ennis  areas  in  Table  4.1. 

Table  4.1 

Single-Stage  Model  Age  in  yr.x  10^ 


y  vs .  x 

Z  VS  .  X 

z/x  vs. 

y/x 

Silvermines 

Area 

40 

20 

60 

(Tertiary) 

Tynagh 

160 

200 

150 

(Trias sic- Jurassic) 

Ennis 

75 

85 

85 

(Upper  Cretaceous) 

The  ages  for  the  deposits  on  the  y  vs .  x  plot  range  from 
20  -  210  m.y .  This  range  of  190  m.y.,  although  not 
likely  very  exact,  should  be  a  good  indication  of  the  true 
range  in  model  lead  ages  if  the  model  is  valid. 

Inaccuracy  in  the  dating  of  younger  leads ,  in  contrast 
to  older  leads,  is  obviously  more  significant.  Accuracy  of 
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the  model  age  depends  in  part  on  accuracy  of  the  measured 
ratios,  but  perhaps  more  on  the  accuracy  of  the  geophysical 
constants  used  in  calculating  the  growth  curve.  Techniques 
such  as  isotope  spiking,  multiple  runs  and  interlaboratory 
standardization  can  produce  results  with  a  precision  of  bet¬ 
ter  than  0.1%,  but  minor  revisions  in  the  geophysical 
constants  can  alter  the  model  age  interpretation  very 
significantly.  The  geophysical  constants  have  been  revised 
several  times  in  the  past,  and  there  is  no  reason  to  assume 
the  most  recent  revision  is  the  last.  Although  the  model 
lead  age  may  differ  significantly  from  the  true  age,  if  the 
model  assumptions  are  valid,  the  relative  ages  of  the 
various  deposits  and  the  range  in  ages  should  be  quite 
reliable  because  they  are  not  very  sensitive  to  a  change  in 
the  geophysical  constants  used. 

There  is  a  very  obvious  geographic  grouping  of 
deposits  with  similar  model  ages  as  exemplified  by  the 
Silvermines,  Tynagh  and  Ennis  areas  (Figure  4.1).  There  is 
also  a  regional  geographic  trend  in  model  ages  (Figures  4.2, 
4.3  and  4.4)  wherein  the  lead  becomes  progressively  more 
radiogenic,  or  younger,  from  north  to  south,  from  Riofinex 
(oldest)  through  Tynagh  and  Ennis  to  Silvermines  (youngest) . 

Four  of  the  deposits  studied  (19,  20,  21,  and  12) 
are  veins  which  are  located  in  Devonian  sandstones  or 
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Silurian  shales.  Lead  ratios  from  these  veins  are  isotopi- 
cally  similar  to  the  geographically  related  Silvermines  leads 
implying  a  common  source  and  time  of  mineralization. 

In  summary,  the  absolute  model  age  must  be  considered 
approximate,  partly  because  of  the  error  spread  in  the  measure¬ 
ment  of  the  lead  ratios,  and  particularly  because  of  the 
uncertainty  in  the  accuracy  of  the  geophysical  constants 
used.  Model  ages  can  be  most  accurately  determined  on  the 
y  vs .  x  plot,  which  shows  that  model  ages  of  Irish  leads 
included  in  this  study  span  a  range  of  190  m.y. ,  from 
Lower  Triassic  to  upper  Tertiary.  There  is  also  a  very 
definite  grouping  of  model  ages  for  geographically 
related  samples,  in  other  words,  a  definite  isotopic 
fingerprinting. 

Summary  of  Model  Lead  Interpretations 

The  Irish  leads  can  be  interpreted  as  single-stage 
or  short  period  anomalous.  Scatter  in  the  data  points  is 
probably  due  largely  to  measurement  error,  as  the  scatter 
for  geographically  related  samples  is  clearly  linear  and 
almost  parallel  to  error  lines.  The  measured  ratios  lie 
close  to  the  single-stage  growth  curve  (Jl=8.79)  of  Cooper 
et  al.  (1969) .  According  to  a  single-stage  interpretation, 
the  lead  was  derived  from  a  homogeneous  system  with  respect 
to  the  ratios  U:Th:Pb,  which  is  characterized  by  the  present 
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ratios  U238/Pb204=8 . 79  ,  Th232/Pb204  =  36 . 4  and  Th232/U238=4 . 14 
Model  ages  (single-stage)  span  a  range  of  190  m.y.  from 
Lower  Triassic  to  upper  Tertiary.  Geographically  related 
deposits  have  about  the  same  model  ages. 

Age  of  Mineralization  and  Source  of  Metals  -  Other  Evidence 


Age  of  Mineralization 


There  are  no  conclusive  geological  criteria  which 
significantly  narrow  the  maximum-minimum  range  for  the 
time  of  mineralization. 


Most  of  the  occurrences  studied  and  the  4  major 

desposits  occur  in  rocks  of  Lower  Carboniferous,  specifically 

✓ 

Tournaisian  -  Visean  age,  thereby  setting  a  maximum  age 
of  350  m.y.  for  the  mineralization.  An  exception  is  the 
Gorteen  Colliery  vein  which  cuts  Upper  Carboniferous 
(Westphalian)  coal  measures  somewhat  greater  than  270  m.y. 
in  age. 


After  exhaustive  study  of  sulphide  deposits  along 
the  Silvermines  Fault,  Rhoden  (1958)  believed  that  the 
mineralization  postdated  the  last  major  movements  on  the 
Fault.  The  last  major  movements  were,  he  believed,  almost 
certainly  related  to  Hercynian  (Permo-Carboniferous)  orogenic 
disturbances.  He  therefore  felt  that  mineralization  was 
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post  Hercynian  or  less  than  270  m.y.  Rhoden's  studies 
however  predate  discovery  of  the  Mogul  orebody.  The  Mogul 
upper  orebody  differs  in  many  important  aspects  from  the 
lower  orebody  and  other  mineralization  along  the  fault.  A 
number  of  features  of  the  upper  orebody  and  the  Magcobar 
barite  deposit  suggest  that  these  deposits  are  syngenetic 
(Graham,  1970).  It  is  conceivable  that  the  Silvermines 
Fault  was  active  during  the  Lower  Carboniferous  (there  is 
some  evidence  of  minor  tectonic  activity  in  the  Lower 
Carboniferous)  and  acted  as  a  channelway  for  ascending 
metaliferous  solutions  at  that  time.  Mineralization  could 
have  continued  throughout  the  Carboniferous  and  into  the 
Permian,  and  other  occurrences  studied  by  Rhoden  along  the 
Silvermines  Fault  may  in  fact  be  much  younger  than  the 
Mogul  upper  orebody. 

The  Tynagh,  Gortdrum  and  Riofinex  deposits  are 
similarly  controlled  by  faults  on  which  major  displacements 
probably  took  place  in  Hercynian  times.  These  faults  too, 
however,  may  have  been  active  in  Lower  Carboniferous  times. 

A  minimum  Tertiary  age  (not  more  accurately  dated) 
was  determined  for  the  Tynagh  mineralization  based  on  the 
dating  of  fragments  of  Sequoia  and  Cypress  in  the  residual 
sulphide  ore.  Obviously  this  does  not  significantly  narrow 
down  the  time  of  the  Tynagh  mineralization. 
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If  the  Mogul  upper  orebody  is  indeed  syngenetic, 
then  the  model  lead  ages  of  40  m.y.  for  the  upper  orebody 
and  the  Magcobar  deposit  are  clearly  not  meaningful. 
Evidence  for  syngenetic  formation  of  the  upper  orebody 
and  the  Magcobar  deposit  is  however  not  unequivocal.  It 
must  be  concluded  that  the  model  ages  for  leads  included 
in  this  study,  which  range  from  20-210  m.y.,  are  not 
contradicted  by  any  conclusive  geological  evidence. 

Source  of  Metals 

Temperatures  of  formation  of  the  Mogul  orebody  and 
sulphur  isotope  ratios  for  sulphides  from  the  Mogul,  Tynagh 
and  Gortdrum  orebodies  suggest  a  deep  source  region  for 
the  metals. 

Temperatures  of  deposition  for  the  Mogul  mine  based 
on  filling  temperatures  of  fluid  inclusions  and  on  sulphur 
isotope  geothermometry  (Greig  et  al. ,  1971)  range  from  150°C 
to  350°C  and  average  about  250°C.  Such  high  temperatures 
would  suggest  that  the  metaliferous  solutions  originated  at 
considerable  depth  or  alternatively  circulated  to  consider¬ 
able  depth. 

It  is  very  unlikely  that  the  hydrothermal  solutions 
leached  the  metals  from  higher  level  post-Caledonian 
(Devonian  to  Cretaceous)  lithologies  and  travelled  directly 
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downward  or  laterally  to  the  site  of  deposition.  The 
aggregate  thickness  of  sediments  representing  the  period 
from  Devonian  to  Cretaceous  would  not  have  exceeded 
10,000  feet  in  any  part  of  Ireland,  and  normal  geothermal 
gradients  would  not  be  sufficiently  high  to  account  for 
the  temperatures  reached  by  the  ore  forming  fluids. 
Furthermore  there  is  no  evidence  for  abnormal  geothermal 
gradients  consistently  applicable  to  all  localities  of 
sulphide  mineralization. 

It  is  possible  that  the  fluids  originated  in  higher 
level  post-Caledonian  sediments ,  percolated  to  deep  levels 
and  leached  the  metals  from  Lower  Paleozoic  or  deeper  rocks 
and  then  ascended  along  favorable  structural  channelways 
(faults)  ultimately  depositing  the  metals  in  a  comparative¬ 
ly  near  surface  environment.  It  seems  more  plausible  that 
the  metaliferous  fluids  originated  at  depth  in  the  Lower 
Paleozoic  rocks  as  connate  water.  A  third  possibility  is 
that  the  solutions  were  magmatically  derived. 

Russell  (1968) ,  who  favoured  a  Lower  Paleozoic 
source  for  the  metals,  analysed  63  samples  of  Ordovician 
and  Silurian  greywackes  and  shales,  and  showed  that  these 
sediments  contain  more  than  adequate  quantities  of  lead- 
zinc-copper  and  barium.  (20,  100,  45  and  700  ppm 
respectively)  such  that  only  extremely  small  percentages 
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of  these  metals  originally  contained  in  the  sediments 
would  be  required  to  account  for  all  of  the  known 
mineralization . 

In  summary,  if  the  source  was  not  magmatic,  the 
solutions  must  have  originated  at,  or  at  least  circulated 
to  considerable  depth  in  order  to  have  attained  the 
temperatures  indicated,  a  depth  which  far  exceeded  that 
of  the  maximum  depth  of  burial  of  Upper  Paleozoic  or 
younger  lithologies. 

Sulphur  isotope  studies  reveal  a  large  spread  in 

<5S^  values  (+4%«  to  -33%0  )  for  sulphides  from  the  Mogul, 

34 

Tynagh  and  Gortdrum  deposits.  However,  the  <5S  values 

for  samples  taken  close  to  the  respective  faults  are  near 

meteoritic  ( ± 5 %o  )  .  With  increasing  distance  from  the 

34 

faults  the  5S  ratios  become  progressively  more  negative. 

This  pattern  in  the  Mogul  deposit  is  most  easily  explained 

as  due  to  isotopic  fractionation  between  sulphide  and 

sulphate  in  response  to  increase  in  Eh  and  pH  and  decrease 

34 

in  temperature  (Greig  et  al . ) .  Accordingly  the  6S 
values  for  the  hydrothermal  fluids,  on  first  reaching  the 
site  of  deposition,  were  close  to  meteoritic.  The  source 
environment  must  therefore  have  been  capable  of  producing 
solutions  containing  sulphur  isotopically  close  to  meteori¬ 
tic  composition. 


65 


Either  the  source  rocks  are  homogeneous  and  contain 
sulphur  isotopically  close  to  meteoritic  values,  or  the 
sulphur  accessible  to  solution  in  the  source  rocks  has  a 
mean  isotopic  composition  close  to  that  of  meteoritic 
sulphur  and  homogenization  has  taken  place  in  the  hydro- 
thermal  fluid  itself.  There  is  no  obvious  biogenic  or 
marine  sulphate  isotopic  component.  It  seems  unlikely 
that  shallow  marine  and  non-marine  sediments  of  the  Upper 
Paleozoic  and  younger  rocks  could  produce  fluids  containing 
sulphur  isotopically  close  to  meteoritic  values.  On  the 
basis  of  the  sulphur  isotope  evidence  along  then,  there 
appear  to  be  only  two  possible  sources  for  the  sulphur. 

It  could  be  magmatically  derived  (crustal  or  mantle)  or 
alternatively  it  could  be  derived  from  the  Lower  Paleozoic 
sedimentary-volcanic  eugeosynclinal  assemblage. 

In  summary,  only  two  sources  are  in  accord  with 
both  the  temperature  of  the  ore  forming  fluids  and  the 
sulphur  isotope  evidence;  a  mantle  or  crustal  magmatic 
source  and  a  Lower  Paleozoic  sedimentary  source. 

Validity  of  the  Lead  Model 

Validity  of  the  lead  model  interpretation  depends 
on  the  validity  of  the  assumptions  of  the  model.  Leads 
from  numerous  deposits  throughout  the  world  of  widely  dif¬ 
fering  ages,  many  of  which  can  be  distinguished  on  the 
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basis  of  geological  criteria  alone,  plot  on  a  single  lead 

218  204 

growth  curve  defined  by  particular  p(U  /Pb  )  and 
232  204 

W(Th  /Pb  )  ratios.  In  order  to  explain  the  conformity 
to  a  single  growth  curve,  it  is  necessary  to  invoke  some 
homogeneous  source  which  has  existed  on  a  global  scale  since 
the  time  of  formation  of  the  earth.  Since  no  possible  upper 
crustal  source  was  recognized  which  met  the  above  prerequi¬ 
site,  the  source  of  these  leads  was  assumed  to  the  lower 
crust  or  mantle. 

Studies  by  U3rych  (1967) ,  Tatsumoto  (1966a  and 
1966b),  Lovering  and  Tatsumoto  (1968)  and  others,  have  cast 
some  doubt  on  the  basic  assumptions  that  the  mantle  is 
homogeneous  with  respect  to  the  ratios  U/Pb ,  Th/Pb  and 
Th/U.  Shaw  (1957),  Cannon  ejt  al_.  (1961)  and  Richards 
(1971b)  have  suggested  or  hinted  that  marine  sediments 
might  be  sources  of  apparently  ordinary  leads.  This 
author  independently  arrived  at  the  same  conclusion  (brief¬ 
ly  outlined  in  Chapter  II,  A  sedimentary  source  model 
accounts  for  the  constancy  of  the  p  and  W  ratios  and  the 
ratio  W /p  characteristic  of  ordinary  leads.  Earlier 
suggestions  of  a  possible  sedimentary  source  encountered 
the  difficulty  of  explaining  the  constancy  in  the  p,  W 
and  W/p  ratios . 
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Speculative  Interpretation  Based  on  Sedimentary  Source 

Model 

Some  brief  speculation  on  a  possible  sedimentary 
source  of  the  Irish  leads,  and  recommendations  for  inves¬ 
tigations  which  may  substantiate  the  source  are  warranted. 

Possible  marine  sedimentary  sources  for  the  Irish 
leads  which  have  the  necessary  distribution  are  limited 
to  Ordovician  and  Silurian  eugeosynclinal  sediments,  or  to 
Lower  Carboniferous  shales  and  argillaceous  carbonates. 

The  Lower  Carboniferous  Culm  shales  are  of  limited  geo¬ 
graphic  extent,  being  restricted  to  the  southernmost  part 
of  Ireland,  and  are  excluded  as  a  possible  source  on  this 
basis.  All  the  Lower  Carboniferous  lithologies  would 
appear  to  be  excluded  as  a  likely  source  on  several  ac¬ 
counts.  Firstly,  the  volume  of  Lower  Carboniferous  shales, 
or  shaly  limestones,  excluding  the  Culm,  does  not  appear 
to  be  sufficient  to  account  for  the  tonnages  of  the  metals 
contained  in  the  known  deposits  if  the  contained  metals 
are  in  normal  concentrations  for  shales.  Secondly,  as 
discussed  in  the  previous  section,  temperatures  of  precipi¬ 
tation  of  sulphides  are  unlikely  to  have  ever  been  attained 

at  the  maximum  depth  of  burial  of  the  Carboniferous.  Third- 

34 

ly ,  it  is  unlikely  that  the  mean  6S  ratio  for  sulphur  in 
Lower  Carboniferous  shales  would  be  close  to  the  meteoritic 
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value  of  0%o  ,  considering  the  shallow  marine  depositional 
environment  and  the  expected  weighting  of  the  sulphur  iso¬ 
topes  toward  either  sea  water  sulphate  or  biogenic  sulphur. 

Ordovician  and  Silurian  eugeosynclinal  sedimentary 
rocks  have  been  downfolded  to  great  depths  where  tempera¬ 
tures  of  250°C  are  likely,  and  the  assemblage  contains  a 
large  proportion  of  volcanic  material  which  probably  con¬ 
tains  unfractionated  sulphur  isotopically  close  to  0%o  . 

It  has  also  been  demonstrated  by  Russell  (1968)  that  the 
Lower  Paleozoics  contain  more  than  sufficient  amounts  of 
Pb ,  Zn,  Cu  and  Ba. 

The  apparent  range  in  model  lead  ages  may  result 
from  episodic  removal  of  lead  from  the  sedimentary  source 
rocks  over  a  considerable  time  range,  or  alternatively 
the  lead  ores  may  all  have  been  mineralized  in  a  single 
episode.  Leads  isolated  after  a  long  residence  time  in 
the  sediment  would  be  enriched  by  the  addition  of  radio¬ 
genic  lead  produced  by  the  decay  of  U  and  Th  in  the 
sediment.  In  contrast,  leads  isolated  soon  after  deposi¬ 
tion  of  the  sediment  would  not  be  significantly  changed 
by  the  addition  of  new  radiogenic  lead  and  would  reflect 
the  isotopic  composition  of  the  lead  in  the  sediment  at 
the  time  it  was  deposited.  If  the  lead  ores  were 
mineralized  at  different  times,  and  if  mixing  were  incom- 
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plete ,  the  data  would  define  a  series  of  anomalous  lead 
lines.  If  all  the  lead  ores  were  mineralized  in  a  single 
episode,  the  data  would  define  a  single  anomalous  lead 
line.  Bearing  in  mind  the  maximum  possible  duration  of 
the  residence  time  in  the  sediment.  Lower  Paleozoic  to 
the  present,  the  leads  would  be  short  period  anomalous 
leads . 


Further  work  to  test  the  validity  of  a  proposed 
sedimentary  source  would  require  very  accurate  determina¬ 
tion  of  isotope  ratios  for  lead  in  the  sulphide  deposits 
and  in  the  possible  sedimentary  source  rocks.  It  should 
be  possible  with  very  precise  data  to  recognize  an 
anomalous  lead  line  which,  as  discussed  above,  reflects 
the  addition  of  radiogenic  lead  produced  during  the  resi¬ 
dence  time  in  the  sediment.  It  would  be  possible  then 
to  project  this  anomalous  line  back  to  the  single-stage 
growth  curve  thereby  enabling  one  to  calculate  the  resi¬ 
dence  time  in  the  sediment.  Knowing  the  age  of  the 
sediment  would  then  make  it  possible  to  determine  the 
time  of  mineralization. 
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APPENDIX  II 


Preparation  of  Reagents  and  Extraction  Procedures 


Preparation  of  Reagents 


Chloroform: 


Dithizone : 


Citrate : 


KCN : 


Cone.  NH^OH: 


Use  stock  CHCl^  -  Wash  with  50  ml.  3N 
HC1  several  times  in  large  separation 
funnel  -  Wash  once  with  3  x  distilled 
lead  free  water. 

Dissolve  10  mg.  diphenylthiocarbazone 
in  100  ml.  purified  CHCl^  -  Wash  3  x 
with  1  ml.  0.5%  HC1  and  with  20  ml. 
distilled  water  (1  ml.  =  40  ug  Pb) . 
Dissolve  300  gm.  dibasic  NH^  citrate 
in  500  ml.  3  x  distilled  water  -  Boil 
to  drive  off  CC^  ~  Bubble  through  NH^ 
to  pH  8.5-9  -  Filter  -  Wash  1  x  with  25 
ml.  dithizone  and  5  x  with  CHCl^  ~  Make 
up  to  1  liter  (30%  solution) . 

Dissolve  2  gm.  pure  KCN  in  100  ml.  3  x 
distilled  water. 

Bubble  NH3  through  3  x  distilled  water 
in  polyethylene  flask  until  volume  in¬ 
creases  by  50%. 
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HC1  and  HNO^:  Prepared  by  redistilling  from  Si()2  still 

Extraction  Procedures 

1.  Digest  tiny  cube  microscopically  pure  galena  in  1:1 
HNO^  -  Evaporate  to  dryness  -  Dissolve  residue  in 

2  ml.  2%  HNC>3. 

2.  Add  20  ml.  NH^  citrate  to  lead  solution  in  separation 
funnel  -  Adjust  to  pH  7-8  if  necessary  with  HNO^  or 
cone.  NH^OH. 

3.  Extract  with  5  ml.  0.1%  dithizone  (200  mg.  of  Pb  as 
Pb  dithizonate)  -  Drain  Pb  dithizonate  into  50  ml. 
beaker  -  Discard  aqueous  phase  -  Rinse  funnel  with 

3  x  D  water  (3  x  distilled  and  demineralized)  - 
Pour  Pb  dithizonate  back  into  funnel. 

4.  Strip  Pb  from  Pb  dithizonate  with  5-10  ml.  HNO^  - 
Discard  dithizone  -  Rinse  aqueous  phase  once  with 
CHCl^  to  remove  emulsified  dithizone  -  Adjust  to  pH 
8-9  with  NH4OH. 

5.  Add  10-12  ml.  2%  KCN  to  aqueous  phase  in  funnel. 

I 

6.  Extract  again  with  4  ml .  0.1%  dithizone  -  Drain  Pb 
dithizonate  into  50  ml.  beaker  through  small  kleenex 
plug  to  remove  traces  of  aqueous  phase  -  Discard 
aqueous  phase  -  Rinse  funnel  well  with  3  x  D  water  - 
Pour  Pb  dithizonate  back  into  funnel. 

Strip  Pb  dithizonate  with  2  ml.  2%  IINO^  - 


7. 


Discard 


V 


89 


dithizone  phase  -  Rinse  once  with  CHCl^  to  remove 
emulsified  dithizone  -  Pour  aqueous  phase  out  top 
of  funnel  (to  avoid  carrying  through  CHCl^)  into 
centrifuge  tube  (volume  3  ml.) 

8.  Adjust  pH  4-5  with  NH^OH  or  HNO^  if  necessary  (add 
drop  by  drop  with  stirring  rod)  -  Seal  centrifuge 
tube  with  parafilm  -  Heat  in  beaker  of  hot  water. 

9.  Uncap  centrifuge  tube  -  Bubble  through  H^S  using 
Pasteur  tube  to  precipitate  Pb  as  fine  PbS  - 
Centrifuge  to  sediment  fine  PbS  -  Sample  is  ready 
for  loading  on  mass.  spec,  filament  -  Run  sample 
within  few  days  or  pH  changes  and  Pb  redissolves  - 
Samples  can  be  stored  for  longer  periods  by 
stopping  procedure  after  stage  7. 


